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126	
  GeV	
  Boson	
  –	
  a	
  permanent	
  
addiMon	
  to	
  the	
  recipe	
  of	
  our	
  Universe	
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Mass	
  =	
  125.7	
  +/-­‐	
  0.3	
  +/-­‐	
  0.3	
  	
  
Has	
  all	
  the	
  general	
  features	
  	
  

we	
  are	
  currently	
  able	
  to	
  test	
  at	
  the	
  LHC	
  
How	
  far	
  can	
  the	
  LHC	
  go?	
  	
  Total	
  width	
  stops	
  us	
  at	
  15-­‐20%	
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New	
  Physics	
  in	
  the	
  Higgs	
  Sector	
  

•  Where	
  can	
  new	
  physics	
  enter?	
  	
  (Examples)	
  
– DeviaMon	
  in	
  couplings	
  to	
  fermions?	
  	
  	
  AddiMonal	
  
degrees	
  of	
  freedom	
  in	
  the	
  Higgs	
  sector	
  that	
  mix	
  
boson	
  states	
  or	
  introduce	
  mulMple	
  vacuum	
  
expectaMon	
  values	
  or	
  mixed	
  states	
  of	
  the	
  fermion	
  

– Total	
  width	
  increase?	
  	
  AddiMonal	
  low	
  mass	
  parMcles	
  
that	
  go	
  undetected/unidenMfied	
  at	
  the	
  LHC	
  

– DeviaMon	
  in	
  loop	
  processes	
  (ggH,	
  Hγγ,	
  HZγ)?	
  	
  
AddiMonal	
  heavy	
  parMcles	
  entering	
  loops.	
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Primary	
  Conclusion	
  of	
  Higgs	
  Report	
  
•  A	
  precision	
  Higgs	
  program	
  necessarily	
  requires:	
  
–  Improvement	
  on	
  αs	
  and	
  order	
  of	
  magnitude	
  Mghtening	
  
on	
  the	
  precision	
  of	
  on	
  fundamental	
  parameters	
  in	
  
Electroweak	
  theory	
  and	
  on	
  elementary	
  masses	
  
•  We	
  gain	
  primarily	
  on	
  the	
  power	
  of	
  theory	
  predicMons	
  and	
  we	
  
believe	
  that	
  all	
  areas	
  of	
  parMcle	
  physics	
  will	
  gain	
  from	
  this	
  –	
  
we	
  need	
  to	
  collaborate	
  more	
  with	
  EDM/etc	
  to	
  understand	
  
what	
  the	
  other	
  demands	
  are	
  outside	
  of	
  Higgs	
  physics	
  

– High	
  staMsMcs	
  of	
  Higgs	
  producMon	
  in	
  the	
  ZH	
  producMon	
  
process	
  at	
  a	
  lepton	
  collider	
  -­‐	
  we’ve	
  received	
  white	
  
papers	
  for	
  e+e-­‐	
  linear	
  and	
  circular	
  colliders	
  and	
  the	
  
muon	
  collider	
  
•  The	
  precision	
  on	
  the	
  total	
  Higgs	
  width	
  in	
  this	
  environment	
  is	
  
essenMal	
  to	
  enable	
  precision	
  tests	
  in	
  the	
  Higgs	
  sector	
  and	
  to	
  
challenges	
  the	
  major	
  new	
  physics	
  quesMons	
  

•  Dedicated	
  s-­‐channel	
  machines	
  (γγ	
  and	
  µµ)	
  can	
  also	
  make	
  
unique	
  contribuMons	
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High	
  Precision	
  Program	
  (Some	
  Examples)	
  
X	
   Physics	
   Present	
  

precision	
   Challenge	
  

MZ	
  
MeV/c2	
  

Input	
   91187.5	
  
±2.1	
  

Z	
  Line	
  shape	
  
scan	
  

QED	
  
correcMons	
  

ΓZ	
  
MeV/c2	
  

Δρ	
  (T)	
  
(no	
  Δα!)	
  

2495.2	
  	
  
±2.3	
  

Z	
  Line	
  shape	
  
scan	
  

QED	
  
correcMons	
  

R	
   αs	
  ,	
  δb	
  	
  	
   20.767	
  	
  
±	
  0.025	
  

Z	
  Peak	
  	
   QED	
  
correcMons	
  

Nν	
   Unitarity	
  of	
  
PMNS,	
  
sterile	
  ν’s	
  

2.984	
  
±0.008	
  

Z	
  Peak	
   QED	
  
correcLons	
  to	
  
Bhabha	
  scat.	
  

Rb	
   δb	
  	
   0.21629	
  	
  
±0.00066	
  

Z	
  Peak	
   Hemisphere	
  
correlaMons	
  

ALR	
   Δρ,	
  ε3	
  ,Δα	
  
(T,	
  S	
  )	
  

0.1514	
  
±0.0022	
  

Z	
  peak,	
  
polarized	
  

Design	
  
experiment	
  

MW	
  
MeV/c2	
  

Δρ,	
  ε3	
  ,	
  ε2,	
  Δα	
  
(T,	
  S,	
  U)	
  	
  

80385	
  
	
  ±	
  15	
  

Threshold	
  
scan	
  

mtop	
  
MeV/c2	
  

Input	
   173200	
  
	
  ±	
  900	
  

Threshold	
  
scan	
  

Theory	
  limit	
  
at	
  100	
  MeV?	
  

GOAL:	
  	
  An	
  order	
  
of	
  magnitude	
  

improvement	
  on	
  
fundamental	
  
parameters	
  

Few	
  10-­‐6	
  on	
  sin2θW	
  

Sub-­‐MeV	
  Z/W/top	
  
masses	
  

Improved	
  αs	
  

Tightening	
  on	
  #	
  of	
  v’s	
  



Accounts for fermion masses?
Fermion couplings ∝ masses?

Are there others?
Quantum numbers?

SM branching fractions to gauge bosons?
Decays to new particles?

All production modes as expected?
Implications of MH ≈ 126 GeV?

Any sign of new strong dynamics?

Reaches	
  well	
  beyond	
  Higgs	
  Physics	
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Precision	
  Higgs	
  
Program	
  

Agreement	
  with	
  the	
  Standard	
  Model	
  
becomes	
  a	
  speck	
  in	
  this	
  plot	
   Is	
  the	
  final	
  stopping	
  point	
  in	
  the	
  expansion	
  

of	
  the	
  universe	
  –	
  the	
  Higgs	
  vacuum	
  decay?	
  

€ 
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Precision	
  Higgs	
  Program	
  

•  Coupling	
  measurements	
  
•  Double	
  Higgs	
  producMon	
  and	
  the	
  Higgs	
  self-­‐coupling	
  
•  Study	
  of	
  CP-­‐mixture	
  and	
  spin	
  
•  Mass	
  and	
  Total	
  Width	
  measurements	
  
•  Direct	
  searches	
  for	
  Beyond-­‐the-­‐SM	
  Higgs	
  Bosons	
  
•  Conclusions	
  
– HighlighMng	
  outcomes	
  of	
  the	
  report	
  
– Facility	
  comparisons	
  for	
  this	
  physics	
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TLEP	
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80	
  km	
  tunnel	
  

LEP/LHC	
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  Colliders	
  	
  
(ILC,	
  CLIC)	
  

γγ	
  Colliders	
  	
  
(HFiTT	
  ,CLICHE,	
  SAPPHIRE,	
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  )	
  

Muon	
  Colliders	
  
(ν-­‐Fact.	
  as	
  possible	
  1st	
  step)	
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  Colliders	
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  TRISTAN,	
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16 Higgs working group report

Facility LHC HL-LHC ILC ILC LumiUP CLIC TLEP (4 IPs)

Energy (GeV) 14,000 14,000 250+500+1000 250+500+1000 350+1400+3000 240+350R
Ldt (fb�1) 300/expt 3000/expt 250+500+1000 1150+1600+2500 500+1500+2000 10000+1400

NH (⇥106) 17 170 0.37 1.05 2.2 3.2

Measurement precision

mH (MeV) 100 50 35 35 33 7

��H � � 4.8/1.6/1.2% tbd ? 0.5%

BR
inv

< 14� 18% < 7� 11% <0.44/0.30/0.26% tbd tbd <0.1%

�gH�� 5� 7% 2� 5% 4.9/4.3/3.3% tbd �/5.5/<5.5% 1.5%

�gHZ� 41� 41% 10� 12% ? ? tbd tbd

�gHgg 6� 8% 3� 5% 4.0/2.0/1.4% tbd 3.6/0.79/0.56% 0.79%

�gHWW 4� 6% 2� 5% 1.9/0.24/0.17% tbd 1.5/0.15/0.11% 0.10%

�gHZZ 4� 6% 2� 4% 0.44/0.30/0.27% tbd 0.49/0.33/0.24% 0.05%

�gHµµ update update �/�/16% tbd �/10/5.2% 6.2%

�gH⌧⌧ 6� 8% 2� 5% 3.3/1.9/1.4% tbd 3.5/1.4/<1.3% 0.51%

�gHcc � � 4.7/2.5/2.1% tbd 3.1/1.1/0.75% 0.69%

�gHbb 10� 13% 4� 7% 2.7/0.94/0.69% tbd 1.7/0.32/0.19% 0.39%

�gHtt 14� 15% 7� 10% 14/9.3/3.7% tbd �/4.0/<4.0% 13%

�gHHH � 50% 26% 16% 16/10% �

Table 1-15. Expected precisions from measurements and global fits. Values for e+e� global fits done with
same assumptions as LHC, i.e., assuming only SM decay modes. The CLIC numbers are assuming increased
WW cross sections above 1 TeV with (�0.8, 0) polarization of (e�, e+) (a factor of approximately 1.8 above
the unpolarized case). Results for 9-parameter fit results, i.e., where t 6= c, and ⌧ 6= µ. Break up
number of h’s into energies.
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  Measurements	
  

11	
  

Muon	
  Collider	
  is	
  expected	
  to	
  have	
  a	
  similarly	
  rich	
  physics	
  program	
  as	
  an	
  e+e-­‐	
  collider	
  –	
  more	
  
detailed	
  simulaMon	
  studies	
  are	
  needed.	
  	
  γγ	
  colliders	
  also	
  have	
  coupling	
  numbers.	
  

LHC	
  must	
  assume	
  SM	
  decay	
  modes	
  
and	
  dashes	
  indicate	
  2nd	
  gen	
  couplings	
  	
  

Improvement	
  factors	
  of	
  x3-­‐x10	
  are	
  possible	
  
(much	
  more	
  without	
  SM	
  assumpLons)	
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Facility ILC ILC(LumUp) TLEP (4 IP) CLIC

Energy (GeV) 250 500 1000 250+500+1000 240 350 350 1400 3000R
Ldt (fb�1) 250 +500 +1000 1150+1600+2500 10000 +1400 500 +1500 +2000

��h/�h 11% 6.0% 5.6% 2.7% 1.1% 0.6% 9.2% 8.5% 8.4%

Binv < 0.69% < 0.69% < 0.69% < 0.32% < 0.1% < 0.1% tbd tbd tbd

�g�/g� 18% 8.4% 4.1% 2.4% 1.7% 1.5% � 5.9% <5.9%

�gZ�/gZ� ? ? ? ? ? ? ? ? ?

�gg/gg 6.4% 2.5% 1.8% 0.94% 1.1% 0.8% 4.1% 2.3% 2.2%

�gW /gW 4.8% 1.4% 1.4% 0.65% 0.85% 0.19% 2.6% 2.1% 2.1%

�gZ/gZ 1.3% 1.3% 1.3% 0.61% 0.16% 0.15% 2.1% 2.1% 2.1%

�gµ/gµ � � 16% 10% 6.4% 6.2% � 11% 5.6%

�g⌧/g⌧ 5.7% 2.5% 2.0% 1.0% 0.94% 0.54% 4.0% 2.5% <2.5%

�gc/gc 6.8% 3.0% 2.0% 1.1% 1.0% 0.71% 3.8% 2.4% 2.2%

�gb/gb 5.3% 1.8% 1.5% 0.75% 0.88% 0.42% 2.8% 2.2% 2.1%

�gt/gt � 18% 4.0% 2.5% NA 13% � 4.5% <2.5%

Table 1-10. Couplings as determined in a completely model-independent fit for di↵erent e+e� facilities.
The CLIC numbers are assuming increased WW cross sections above 1 TeV with (�0.8, 0) polarization
of (e�, e+) (a factor of approximately 1.8 above the unpolarized case). To add: model-independent
determination of B(H ! exotic) for decays that are undetectable at the LHC.

1.2.6 Projections for a muon collider operating on the Higgs resonance

A muon collider can produce the Higgs boson as an s-channel resonace, µ+µ� ! h ! X. By scanning
the beam energy across the resonance, the Higgs total width can be measured directly (see Sec. 1.5.3).
Combinations of production and decay couplings can then be extracted from measurements of the event
rates in various final states.

Sensitivities have been studied for an idealized detector design including full simulation in Ref. [28]. Impor-
tant components of the detector are tungsten shielding cones at high rapidity and precise timing to reduce
beam-related backgrounds.

The studies in [28] simulated Higgs events and Drell-Yan backgrounds for a beam energy scan over a 60 MeV
range centered on the Higgs peak using equal-luminosity scan points separated by 4.2 MeV, for a total
integrated luminosity of 1 fb�1 (⇠ 1 year running at nominal machine parameters). The beam was assumed
to have a 4.2 MeV-wide Gaussian energy spread (the beam energy spread should be measurable to high
precision using muon precession in the accelerator field). Perfect b-tagging e�ciency and purity were assumed.
Precisions on the µµ! h! X rates are given in Table 1-11.

These rates are proportional to BR(h ! µµ) ⇥ BR(h ! X) / 2

µ2

X/�2

h. Products of couplings µX

can be extracted using the direct measurement of the Higgs width �h from the lineshape scan, with an
estimated uncertainty ��h = 3.6–8.3% (see Sec. 1.5.3). Model-independent Higgs coupling measurements
are not possible unless µµ ! h ! µµ / 4

µ/�2

h can be measured. Making the assumption of generation
universality, µ = ⌧ , is not of much help because the uncertainty on the ⌧⌧ final state is O(100%).
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Table 1-10. Couplings as determined in a completely model-independent fit for di↵erent e+e� facilities.
The CLIC numbers are assuming increased WW cross sections above 1 TeV with (�0.8, 0) polarization of
(e�, e+) (a factor of approximately 1.8 above the unpolarized case).

1.2.7 Comparison of Precision at Di↵erent Facilities

We have requested precision on rate measurements from proponents of various facilities. Hopefully we will
receive su�cient information in time so that we can make our own fits. The tables below are place holders.

Production/Decay gg ! H VBF VH ttH gg ! H VBF VH ttH

Luminosity 300 fb�1 3000 fb�1

H ! ��

H ! ZZ

H !WW

H ! ⌧⌧

H ! bb̄

H ! µµ

H ! Z�

Table 1-11. LHC precision of rate measurements.
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Binv < 0.69% < 0.69% < 0.69% < 0.32% < 0.48% < 0.45% tbd tbd tbd

�g�/g� 18% 8.4% 4.1% 2.4% 1.7% 1.5% � 5.9% ¡5.9%

�gZ�/gZ� ? ? ? ? ? ? ? ? ?

�gg/gg 6.4% 2.5% 1.8% 0.94% 1.1% 0.8% 4.1% 2.3% 2.2%

�gW /gW 4.8% 1.4% 1.4% 0.65% 0.85% 0.19% 2.6% 2.1% 2.1%

�gZ/gZ 1.3% 1.3% 1.3% 0.61% 0.16% 0.15% 2.1% 2.1% 2.1%

�gµ/gµ � � 16% 10% 6.4% 6.2% � 11% 5.6%

�g⌧/g⌧ 5.7% 2.5% 2.0% 1.0% 0.94% 0.54% 4.0% 2.5% ¡2.5%

�gc/gc 6.8% 3.0% 2.0% 1.1% 1.0% 0.71% 3.8% 2.4% 2.2%

�gb/gb 5.3% 1.8% 1.5% 0.75% 0.88% 0.42% 2.8% 2.2% 2.1%

�gt/gt � 18% 4.0% 2.5% NA 13% � 4.5% ¡2.5%

Table 1-10. Couplings as determined in a completely model-independent fit for di↵erent e+e� facilities.
The CLIC numbers are assuming increased WW cross sections above 1 TeV with (�0.8, 0) polarization of
(e�, e+) (a factor of approximately 1.8 above the unpolarized case).

1.2.7 Comparison of Precision at Di↵erent Facilities

We have requested precision on rate measurements from proponents of various facilities. Hopefully we will
receive su�cient information in time so that we can make our own fits. The tables below are place holders.

Production/Decay gg ! H VBF VH ttH gg ! H VBF VH ttH

Luminosity 300 fb�1 3000 fb�1

H ! ��

H ! ZZ

H !WW

H ! ⌧⌧

H ! bb̄

H ! µµ

H ! Z�

Table 1-11. LHC precision of rate measurements.
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Double	
  Higgs	
  producMon	
  and	
  Higgs	
  
Self-­‐Coupling	
  	
  

•  Difficult	
  to	
  measure	
  at	
  all	
  faciliMes	
  
– best	
  at	
  CLIC	
  (10%	
  precision)	
  and	
  1	
  TeV	
  ILC-­‐up	
  (16%)	
  

•  High	
  energy	
  100	
  TeV	
  pp	
  collider	
  has	
  largest	
  
potenMal	
  to	
  make	
  percent-­‐level	
  measurements	
  
–  Just	
  based	
  on	
  cross	
  secMon	
  (x50	
  over	
  LHC)	
  

•  γγ	
  Collider	
  is	
  invesMgaMng	
  HH	
  at	
  √s=290	
  GeV	
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1.4 Study of CP -mixture and spin 23

HL-LHC HE-LHC VLHC
Ecm (TeV) 14 33 100

Int. Lumi. (fb�1) 3000 3000 3000
� · BR(pp! hh! bb��) (fb) 0.089 0.545 3.73

S/
p

B 2.3 6.2 15.0
��/� ? ? ?

Table 1-20. Signal significance for pp! hh! bb�� at future hadron colliders, from [43].

HL-LHC ILC500 ILC1000 ILC1000-up CLIC1400 CLIC3000 VLHC
�ghhh/ghhh 50% 88% 25% 16% 28/21% 16/10% ?

Table 1-21. Expected per-experiment precision of the triple-Higgs boson coupling. ILC1000-up is the
luminosity upgrade with 2500 fb�1 at 1000 GeV. The two numbers for each CLIC energy are without/with
80% electron beam polarization.

1.3.8 Summary

Expected precisions on the triple Higgs coupling measurement, assuming that all other Higgs couplings are
SM-like and that no other new physics contributes to double-Higgs production, are summarized in Table 1-21.

1.4 Study of CP -mixture and spin

The discovery of the new boson with the mass around 125 GeV at the LHC [44, 45] opens a way for
experimental studies of its properties such as spin, parity, and couplings to the Standard Model particles.
We split such studies into two groups

• tests of discrete spin/parity hypotheses of the new particle(s);

• identification and measurement of various types of tensor couplings for a given spin assignment, and
the search for CP violation is among the primary goals of this study.

There is a potential connection between the baryogenesis and CP violation in the Higgs sector and the
measurements in the Higgs sector directly may be complementary to the measurements in the EDMs [46].

We note that several facts about the Higgs-like boson spin, parity, and its couplings have already been
established. Indeed, we know that

• the new boson should have integer spin since it decays to two integer-spin particles [44,45];

• the new boson cannot have spin one because it decays to two on-shell photons [47,48]

• the spin-one assignment is also strongly disfavored by the measurement of angular distributions in the
decay to two Z bosons [49,50,51,52,53];
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CP-­‐Mixture	
  and	
  Spin	
  
•  Highest	
  CP	
  sensiMvity	
  at	
  a	
  γγ collider	
  
– And	
  potenMally	
  at	
  muon	
  collider	
  with	
  polarizaMon	
  

•  Tau-­‐lepton	
  polarizaMon	
  at	
  e+e-­‐	
  colliders	
  

14	
  

1.4 Study of CP -mixture and spin 25

With the current luminosity of about 25 fb�1 at 7 and 8 TeV, both ATLAS and CMS experiments expect more
than 2� separation between the minimal spin-2 model and SM Higgs boson [49,50,51,52,53]. This translates
to close to 10� separation at high luminosity. LHC expectation in CP studies comes from dedicated analysis
of the H ! ZZ⇤ decay [49,50,51,53] by CMS and ATLAS collaborations and as well as individual studies [56].
The CMS experiment quotes 0.40 expected error on fCP with present statsitics [50, 51], which translates to
±0.07 and ±0.02 at 300 fb�1 and 3000 fb�1, respectively. These results scale well with luminosity and
cross-section and match those reported in dedicated studies. The fCP measurement in particular remains
statistics limited.

The spin study at e+e� is based on TESLA TDR studies [57]. A threshold scan with a luminosity of 20
fb�1 at three centre-of-mass energies (215, 222, and 240 GeV for mH = 120 GeV) is su�cient to distinguish
the spin-1 and spin-2 hypotheses at 4� level. This study has been recently updated [58] to include the Higgs
boson mass and luminosity and energy scenarios. The typical probability for most exotic scenarios is smaller
than 10�6. This study is based on assumption of 250 fb�1 at 250 GeV and 20 fb�1 at each of three energy
points below.

Table 1-22. List of expected precision of spin and CP -mixture measurements. Spin significance is quoted
for one representative model of minimal coupling KK graviton JP = 2+

m. For various e↵ective couplings,
precision is quoted on CP -odd cross-section fraction, such as fa3

defined for H ! ZZ⇤. Target precision
is estimated to be < 10�5 for the modes with pseudoscalar coupling expected to be suppressed by a loop
(ZZH and WWH), while it is estimated to be < 10�2 for fermion couplings and vector boson couplings
suppressed by a loop for both scalar and pseudoscalar (ggH, ��H, Z�H). Numerical values are given where
reliable estimates are provided, � mark indicates that some studies are done and measurement is in principle
possible, and ? mark indicates that feasibility of such a measurement could be considered.

Facility LHC HL-LHC e+e� e+e� e+e� µ+µ� �� target
Energy (GeV) 14,000 14,000 250 500 other ? 126 (theory)
R Ldt (fb�1) 300/expt 3000/expt 250 500 other ? ?

spin-2+

m ⇠ 10� �10� >10� >10� � � >5�

... ... ... ... ... ... ... ...

ZZH 0.07† 0.02† 0.0008 0.00005 � � < 10�5

WWH � � � � � � < 10�5

ggH ? ? – – – – < 10�2

��H – ? – – – < 0.01 < 10�2

Z�H – ? – – – – < 10�2

⌧⌧H ? ? 0.01 0.01 � � < 10�2

ttH � � – � – – < 10�2

µµH – – – – � – < 10�2

bbH – ? ? ? – – < 10�2

† estimated only in H ! ZZ⇤ decay mode.

The CP mixture study at an e+e� collider was shown based on 500 fb�1 at the centre-of-mass energy of 350
GeV and mH = 120 GeV [57]. An estimated uncertainty of 0.038 on the amplitude mixing parameter ⌘ is
expected to be achieved. A recent study [56] compares expected performance of an e+e� collider and LHC.
Precision on CP -odd cross-section fraction of 0.036 (0.044) is obtained at 250 GeV (500 GeV) scenarios.
However, these fractions correspond to di↵erent fCP values in the H ! ZZ decay, due to di↵erent relative
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  –	
  tagging	
  	
  by	
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  mass	
  
at	
  an	
  e+e-­‐	
  collider	
  	
  	
  	
  

total	
  rate	
  ∝	
  gHZZ2	
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  state	
  ∝	
  gHZZ4/	
  ΓH	
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  ΓH	
  
(vvH	
  is	
  used	
  to	
  get	
  HZZ	
  staMsMcs)	
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  recoil	
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  of	
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  to	
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  Higgs	
  total	
  width	
  

Need	
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Figure 3: Number of events of the Higgs signal plus backgrounds and statistical errors ex-
pected for two di↵erent beam energy resolutions and integrated luminosities as a function
of the collider energy

p
s in bb and WW ⇤ final states with a SM Higgs mh = 126 GeV

and �h = 4.21 MeV. Detector backgrounds are not included, see more discussion in
Sec.xx.(refer to section discussing machine background). These figures are taken
from Ref [8].

width to a high precision. The results obtained are largely free from theoretical uncer-

tainties. The major systematic uncertainty comes from our knowledge of beam properties

[4]. The uncertainty associated with the beam energy resolution R will directly add

to our statistical uncertainties of Higgs width. This uncertainty can be calibrated by

experimentalists. On the other hand, the beam profile is unlikely to be Breit-Wigner

resonance profile. Thus an additional fitting parameter of the beam energy distribution

is anticipated to provide us additional knowledge about the beam energy. Our estimated

accuracies are by and large free from detector resolutions. Other uncertainties associated

with b tagging, acceptance, etc., will enter into our estimation of signal strength B di-

rectly. These uncertainties will a↵ect our estimation of total width �h indirectly through

statistics, leaving a minimal impact in most cases.
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Mass	
  and	
  Total	
  Width	
  Measurements	
  

•  LHC	
  is	
  not	
  able	
  to	
  make	
  sub-­‐GeV	
  constraints	
  
on	
  the	
  Higgs	
  width	
  (predicted	
  to	
  be	
  ~4	
  MeV)	
  

•  e+e-­‐	
  colliders	
  are	
  limited	
  by	
  staMsMcs	
  in	
  ZH	
  
producMon	
  and	
  can	
  achieve	
  0.6-­‐11%	
  

•  Muon	
  collider	
  has	
  unique	
  lineshape	
  scan	
  
capability	
  (1.7-­‐17%)	
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1.6 Direct searches for BSM Higgs bosons H0, A0, H± 29

R L
step

R L �mh ��
tot

�B

0.01% 0.005 fb�1 0.5 fb�1 0.25 MeV 0.73 MeV = 17% 6.5%
0.01% 0.025 fb�1 0.5 fb�1 0.12 MeV 0.35 MeV = 8.3% 3.0%
0.003% 0.05 fb�1 1.0 fb�1 0.06 MeV 0.15 MeV = 3.6% 2.0%
0.003% 0.2 fb�1 1.0 fb�1 0.03 MeV 0.08 MeV = 1.7% 1.0%

Table 1-23. Expected Higgs mass and width measurements from a muon collider line scan, from Ref. [?].
The scan consists of 20 equal-luminosity steps with 3 MeV center-of-mass energy spacing (60 MeV total scan
range) and combines bb and WW final states (all WW decays are used). R is the assumed beam energy
resolution,

R
L is the total integrated luminosity used in the scan, and B ⌘ BR(h ! µµ) ⇥ BR(h ! X) is

the combined signal strength in the bb and WW channels.

LHC HL-LHC ILC250 Full ILC ILC LumUp CLIC TLEP (4 IP) µC
mh (MeV) 100 50 35 35 ? 33 7 0.03–0.25

��h – – 11% 5.6% 2.7% 8.4% 0.6% 1.7–17%

Table 1-24. Summary of of the Higgs mass and total width measurement capabilities of various facilities.
“Full ILC” is 250+500+1000 GeV with 250+500+1000 fb�1, while “ILC LumUp” is 1150+1600+2500 fb�1

at the same collision energies.

A direct lineshape scan of the Higgs boson in s-channel production will achieve sub-MeV precision on the
mass. This precision is unmatched using any other known technique.

The muon collider proposal [?] envisions running on the Higgs resonance at
p

s ⇠ 126 GeV with a luminosity
of 1032 cm�2s�1, corresponding to 1 fb�1 per year. The beam energy resolutions assumed are R = 0.01%
and R = 0.003%, corresponding to a spread in psµµ of 8.9 MeV and 2.7 MeV, respectively.

Finding the Higgs resonance is a challenge. Input from facilities running before the muon collider is
important.

Achievable precisions on the Higgs mass and width from a 20-step scan with 3 MeV step size (i.e., covering
a range of 60 MeV) from Ref. [?] are summarized in Table 1-23.

1.5.4 Summary

A summary of the Higgs mass and width measurement capabilities for the facilities is given in Table 1-24.

1.6 Direct searches for BSM Higgs bosons H0, A0, H±

1.6.1 Theory

Many well-motivated extensions of the SM contain a second Higgs doublet, including the MSSM. Including
a second doublet introduces an additional four scalar degrees of freedom beyond the SM-like Higgs boson h.
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Direct	
  searches	
  for	
  Beyond-­‐the-­‐SM	
  
Higgs	
  Bosons	
  

•  e+e-­‐	
  Collider	
  -­‐	
  mass	
  reach	
  up	
  to	
  half	
  of	
  center-­‐of-­‐
mass	
  	
  energy	
  (500	
  GeV	
  ILC,	
  1.5	
  TeV	
  CLIC):	
  

•  Muon	
  Collider	
  –	
  Possibility	
  of	
  resonance	
  producMon	
  
–	
  mass	
  reach	
  up	
  to	
  center-­‐of-­‐mass	
  energy	
  can	
  to	
  to	
  
MulM-­‐TeV	
  

•  HL-­‐LHC	
  will	
  potenMally	
  exclude	
  MSSM	
  Higgs	
  sector	
  
that	
  is	
  within	
  the	
  reach	
  of	
  a	
  1	
  TeV	
  ILC	
  (with	
  di-­‐tau	
  
and	
  VV	
  decays)	
  

•  100	
  TeV	
  pp	
  Collider	
  has	
  highest	
  mass	
  reach	
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1.6 Direct searches for BSM Higgs bosons H0, A0, H± 31

*** summary of H+ current limits: from top decay

*** Projections: Ian Lewis’s Seattle talk

At low tan�, signals of interest are decays of A0/H0 to charginos or neutralinos (this depends strongly on
SUSY model spectrum assumptions). Also decays A0 ! Zh, H0 ! hh, H0/A0 ! ��, and H0 ! WW are
of interest.

1.6.3 Projections for e+e� machines

At an e+e� collider, the cross section for e+e� ! Z⇤ ! H0Z is suppressed by cos2(� �↵) compared to the
cross section for a SM Higgs with the same mass as H0. In the decoupling limit, the associated production
cross section for e+e� ! Z⇤ ! H0A0, which is proportional to sin2(� � ↵), is maximal, but requires
associated production of two heavy particles, limiting the kinematic reach to half the collider center-of-mass
energy (similarly for e+e� ! H+H�). Charged Higgs pair production, e+e� ! H+H�, is a pure gauge
process and hence also unsuppressed. With su�cient luminosity, the discovery reach for these states at an
e+e� collider is thus close to the kinematic limit,

MH+ <
p

s/2, MH0 + MA0 <
p

s. (1.23)

Because the mass splitting between H0 and A0 is typically small in the decoupling region, the reach for
either of them is roughly

p
s/2.

*** some numbers?

*** characterization / tan beta measurement?

The same considerations apply to pair production of these states at a high-energy muon collider via elec-
troweak processes. We discuss resonant production via the direct H0/A0 coupling to a muon pair in the
next section.

1.6.4 Resonant production at a muon collider

The neutral heavy Higgs bosons H0 and A0 can be produced as s-channel resonances in µ+µ� or �� collisions.

If the heavy Higgs bosons H0 and A0 are not very light, resonant production at a muon collider may be
the best opportunity to study their properties in detail. This was studied in Ref. [?] for the “Natural
Supersymmetry” benchmark point of Ref. [?], which has MA0 'MH0 ' 1.55 TeV and tan� = 23. The mass
di↵erence between A0 and H0 is about 10 GeV and their decay widths are around 20 GeV.

The parton-level analysis [?] was based on a center-of-mass energy scan over a 200 GeV range centered at
1550 GeV in 100 steps, collecting a total of 500 fb�1. Signal and background cross sections in the bb̄ and ⌧⌧
final states were computed using PYTHIA6 modified to include a Gaussian beam energy spread of 0.1%. The
overlapping lineshapes were then fitted with two Breit-Wigners in the bb̄ final state (a single Breit-Wigner
is ruled out at high confidence) allowing extraction of the masses to ±0.5 GeV, the widths to ⇠ 3.5%, and
the peak �⇥BR(bb̄) to 9% for the two states. The ⌧⌧ channel can then be used to measure BR(⌧⌧)/BR(bb̄)
with an uncertainty of about 10%. As a bonus, decays of H0 and A0 to charginos or neutralinos may provide
the largest sample of the heavier ones of these particles, whose direct production cross sections can be quite
small at lepton colliders [?].
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Major	
  Challenges	
  for	
  Higgs	
  Physics	
  

•  The	
  LHC	
  at	
  14	
  TeV	
  will	
  probe	
  new	
  physics	
  at	
  and	
  
above	
  the	
  TeV	
  scale	
  in	
  a	
  broad	
  sweep	
  
–  Beyond	
  the	
  LHC,	
  the	
  most	
  promising	
  avenue	
  for	
  future	
  
exploraMon	
  is	
  via	
  the	
  Higgs	
  boson	
  properMes	
  through	
  high	
  
precision	
  measurement.	
  
•  What	
  precision	
  needs	
  to	
  be	
  achieved	
  to	
  challenge	
  our	
  
understanding	
  of	
  the	
  universe	
  and	
  the	
  laws	
  of	
  physics?	
  	
  	
  

•  The	
  Higgs	
  boson	
  and	
  the	
  top	
  quark	
  were	
  guaranteed	
  
discoveries	
  based	
  on	
  exactly	
  this	
  strategy	
  
–  The	
  basis	
  for	
  the	
  high	
  precision	
  measurements	
  came	
  from	
  
the	
  Z	
  factories	
  (over	
  106	
  Z	
  bosons	
  produced	
  on	
  resonance	
  
and	
  studied	
  with	
  polarized	
  beams).	
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A	
  Future	
  DirecMon	
  
•  A	
  precision	
  Higgs	
  physics	
  program	
  is	
  compelling	
  because	
  
the	
  Standard	
  Model	
  precisely	
  predicts	
  all	
  Higgs	
  boson	
  
couplings	
  and	
  properMes	
  with	
  no	
  free	
  parameters,	
  now	
  
that	
  the	
  Higgs	
  mass	
  is	
  known.	
  
–  There	
  is	
  a	
  vision	
  for	
  a	
  precision	
  Higgs	
  program:	
  

•  An	
  order	
  of	
  magnitude	
  increase	
  in	
  precision	
  on	
  fundamental	
  
parameters	
  at	
  the	
  EW	
  scale,	
  improvement	
  on	
  αs	
  –	
  and	
  corresponding	
  
improvements	
  in	
  theory	
  predicMons	
  

•  High	
  staMsMcs	
  Higgs	
  producMon	
  in	
  the	
  ZH	
  process	
  to	
  achieve	
  a	
  model-­‐
independent	
  percent-­‐level	
  precision	
  on	
  the	
  total	
  width	
  

– MulM-­‐TeV	
  collider	
  technology	
  to	
  pursue	
  higher	
  precision	
  on	
  
pH,	
  Higgs	
  self-­‐couplings,	
  and	
  to	
  pursue	
  the	
  new	
  states	
  that	
  
give	
  rise	
  to	
  Higgs	
  coupling	
  deviaMons	
  (if	
  found)	
  
•  The	
  potenMal	
  to	
  go	
  auer	
  high-­‐pT	
  physics	
  by	
  embracing	
  the	
  largest	
  
technology	
  challenges	
  and	
  energizing	
  the	
  next	
  generaMon	
  to	
  move	
  
orders	
  of	
  magnitude	
  beyond	
  what	
  we	
  can	
  do	
  today	
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